Many chronic diseases are now in pandemic proportions and increasingly a major cause of morbidity and mortality worldwide. Diabetes mellitus, especially type 2 diabetes, plays a starring role in this problem, 1,2 with diabetic complications being a very important public health issue. A paradigmatic example of diabetic complications is diabetic nephropathy, the largest single cause of end-stage renal disease, and a medical catastrophe of worldwide dimensions. 3 In recent years, our knowledge of the pathophysiological processes that lead to diabetic nephropathy has notably improved on a genetic and molecular level. Thus, the classic view of metabolic and hemodynamic alterations as the main causes of renal injury in diabetes has been transformed significantly, with clear evidence indicating that these traditional factors are only a partial aspect of a much more complex picture. One of the most important changes is related to the participation of immune-mediated inflammatory processes in the pathophysiology of diabetes mellitus and its complications. 4, 5 Although diabetic nephropathy is traditionally considered a nonimmune disease, accumulating evidence now indicates that immunologic and inflammatory mechanisms play a significant role in its development and progression. 6, 7 Therefore, diverse cells, including leukocytes, monocytes, and macrophages, 8 -10 as well as other molecules, such as chemokines (monocyte chemoattractant protein-1), 11, 12 adhesion molecules (intercellular adhesion molecule-1 (ICAM-1)), 13, 14 enzymes (cyclooxygenase-2, nitric oxide synthase), [15] [16] [17] [18] growth factors (vascular endothelial growth factor, growth hormone, IGF, TGF-␤), 19 -22 and nuclear factors (NF-B), 23, 24 are implicated in processes related to diabetic nephropathy. Less is known, however, about the role of inflammatory cytokines in diabetic renal injury.
The purpose of this review is to bring together current information concerning the role of inflammatory cytokines in the development and progression of diabetic nephropathy. Specific emphasis is placed on the mechanisms underlying the potential contribution of these molecules to renal injury. In addition, we examine data from genetic studies and discuss potential therapeutic strategies that target cytokines in the treatment of diabetic nephropathy. diators in a highly complex, coordinated network regulating inflammatory immune responses with the participation of different cytokine-associated signaling pathways ( Figure 1 ). In addition, they exert important pleiotropic actions as cardinal effectors of injury. 26 Cytokines are produced by a wide variety of cells in the body, playing an important role in many physiological responses that have a therapeutic potential. 27 At the present time it is recognized that chronic low-grade inflammation and activation of the innate immune system are closely involved in the pathogenesis of diabetes mellitus. 28 -30 Increasing evidence suggests that individuals who progress to diabetes mellitus display features of inflammation years before the disease onset. 31, 32 Moreover, population-based studies suggest that inflammatory parameters, including inflammatory cytokines, are strong predictors of the development of diabetes. [33] [34] [35] The main cytokines involved in the pathogenesis of diabetes are IL-1, TNF-␣, and IL-6. 36 In addition, studies in recent years have shown that inflammation, and more specifically inflammatory cytokines, are determinant in the development of microvascular diabetic complications, including neuropathy, retinopathy, and nephropathy. 5, 7, [37] [38] [39] [40] 
INFLAMMATORY CYTOKINES IN DIABETIC NEPHROPATHY
When considering the role of cytokines in pathophysiological processes underlying disease, it is necessary to take into account the fact that the activities of these molecules are very complex, as reflected by important features, including their pleiotropic actions-and thus a cytokine may trigger several different cellular responses depending on diverse factors, such as cell type, timing, and context. Cytokines share receptor subunits; act synergistically in many contexts, and, therefore, the association of two cytokines can markedly amplify their effects; cytokines stimulate the cells that produce them, or adjacent cells, or even can intervene through direct cell-cell interaction; and, finally, cytokines induce the expression of other cytokines and cytokine receptors (Table 1) . 41 In light of the data obtained from experimental and clinical studies, cytokines are often classified according their pro-or antiinflammatory activities.
In 1991, Hasegawa et al. reported that glomerular basement membranes from diabetic rats induced significantly greater amounts of TNF-␣ and IL-1 in cultured peritoneal macrophages than when these cells were incubated with basement membranes from nondiabetic rats. 42 These new findings were the first to suggest that inflammatory cytokines may participate in the pathogenesis of diabetic nephropathy. 42, 43 Today, it is known that among inflammatory cytokines, IL-1, IL-6, IL-18 and TNF-␣ are relevant to the development of diabetic nephropathy, with diverse actions potentially involved in the development of complications (Table 2) .
IL-1
In experimental models of diabetic nephropathy, renal expression of IL-1 increases, 44, 45 which is related to subsequent expression of chemotactic factors and adhesion molecules. IL-l enhances the synthesis of ICAM-1 and vascular cellular adhesion molecule-1 by glomerular endothelial cells, and induces de novo synthesis and expression of ICAM-1 by glomerular mesangial cells and renal tubular epithelia. In addition, this cytokine induce transient expression of E-selectin by endothelial cells. 46, 47 IL-1 is also involved in the development of abnormalities in intraglomerular hemodynamics related to prostaglandin synthesis by mesangial cells. Treatment of glomerular mesangial cells with recombinant human IL-1 induces prostaglandin E2 synthesis and the release of a phospholipase A2 activity. 48 In addition, pretreatment of resting mesangial cells with this cytokine results in an IL-6  IL-1/IL-18  TNF-α   JAK1   JAK2   JAK3   Tyk-2   STAT3   MYD88   IRAK4   TRAF6   NF-κB   TAK1   IKK   NIK   TRADD  TRAF2  RIP   MEKK1   MEKK3 MEKK4/7 JNK Figure 1 . 
IL-6
In 1991, Sekizuka et al. 53 reported that serum levels of IL-6 were significantly higher in patients with type 2 diabetic nephropathy than the levels observed in diabetic patients without nephropathy, which suggests that this cytokine may play a role in the pathogenesis of diabetic nephropathy. Early after that report, Suzuki et al. 54 analyzed kidney biopsies in patients with diabetic nephropathy by high-resolution in situ hybridization. These authors observed that cells infiltrating the mesangium, interstitium, and tubules were positive for mRNA encoding IL-6. Furthermore, they found a relationship between the severity of diabetic glomerulopathy (mesangial expansion) and expression of IL-6 mRNA in glomerular cells (mesangial cells and podocytes), which indicated that IL-6 may affect the dynamics of extracellular matrix surrounding those cells. More recent studies in type 2 diabetic patients demonstrate a significant association between IL-6 and glomerular basement membrane thickening, a crucial lesion of diabetic nephropathy and a strong predictor of renal progression. 55, 56 Recent studies by our group also show a significant overexpression of IL-6 in the diabetic rat kidneys, with an increase in the levels of mRNA encoding IL-6 in the renal cortex being directly associated with an elevation in its urinary excretion. 45 Importantly, wet kidney weight, an accurate index of renal hypertrophy and one of the earliest renal changes during diabetes, 57 is increased in diabetic rats and associated with renal mRNA expression of IL-6 and urinary excretion of this cytokine. 45 Moreover, a direct correlation was observed between urinary levels and renal expression of IL-6 with urinary albumin excretion. 45 These results support previous findings on the development of renal injury mediated by IL-6, which has been related to alterations in endothelial permeability, induction of mesangial cell proliferation, and increased fibronectin expression. 54,58 -60
IL-18
IL-18 is a potent inflammatory cytokine that induces IFN-␥, 61 which in turn induces functional chemokine receptor expression in human mesangial cells. 62 In addition, IL-18 leads to production of other inflammatory cytokines (including IL-1 and TNF-␣), upregulation of ICAM-1, as well as apoptosis of endothelial cells. [63] [64] [65] IL-18 is constitutively expressed in renal tubular epithelia, 66 and recent studies demonstrate that infiltrating monocytes, macrophages, and T cells, along with proximal tubular cells, are potential sources of this cytokine. 67, 68 Serum and urinary levels of IL-18 have been reported increased in patients with diabetic nephropathy, with an independent relationship between these parameters and urinary albumin excretion. 69 -71 In addition, urinary excretion of ␤-2 microglobulin, a marker of tubulointerstitial injury, is also positively associated with serum IL-18. 70 Moreover, in a longitudinal study, serum and urinary concentrations of this cytokine were directly correlated with albumin excretion rate, as well as with changes in albuminuria during the follow-up period. 70 
TNF-␣
TNF-␣ is a pleiotropic inflammatory cytokine that is mainly produced by monocytes, macrophages, and T cells. In addition, and similar to other inflammatory cytokines, the expression and synthesis of TNF-␣ is not limited to hematopoietic cells. Thus, intrinsic renal cells, including mesangial, glomerular, endothelial, dendritic, and renal tubular cells are able to produce this cytokine. [72] [73] [74] [75] [76] Furthermore, recent studies show that TNF-␣ can be stored within cells in a proactive form, and the TNF-␣-converting enzyme can rapidly increase levels of the active cytokine. 77 Reported actions of TNF-␣ on renal cells include the activation of second messenger systems, transcription factors, synthesis of cytokines, growth factors, receptors, cell adhesion molecules, enzymes involved in the synthesis of other inflammatory mediators, acute phase proteins, and MHC proteins. 78 This variety of biologic activities results in diverse effects with a significant role in the development of renal damage in diabetes.
TNF-␣ is cytotoxic to renal cells and BRIEF REVIEW www.jasn.org able to induce direct renal injury. 79 In addition, other relevant TNF-␣ effects have been reported, such as induction of apoptosis and necrotic cell death, 80, 81 alterations of intraglomerular blood flow and GFR as a result of the hemodynamic imbalance between vasoconstrictive and vasodilatory mediators, 82 as well as alterations of endothelial permeability. TNF-␣ alters the distribution of adhesion receptors involved in cell-cell adhesion (i.e., vascular endothelial-cadherincatenin complexes) and prevents the formation of F-actin stress fibers. This results in restructuring of the intercellular junction leading to loss of endothelial permeability. 83 On the other hand, TNF-␣ directly induces reactive oxygen species (ROS) in diverse cells, including mesangial cells. 84 Recent experimental studies using isolated rat glomeruli demonstrate this cytokine activates NADPH oxidase through protein kinase C/phosphatidylinositol-3 kinase and mitogenactivated protein kinase pathways. 85 Therefore, TNF-␣, independent of hemodynamic factors, prompts the local generation of ROS, resulting in alterations of the barrier function of the glomerular capillary wall and leading to enhanced albumin permeability. 86 Experimental studies have consistently reported that mRNA encoding TNF-␣ and protein levels increase in glomerular and proximal tubule cells from diabetic rats. 45, 73, 74, [87] [88] [89] These investigations demonstrated a significant role of TNF-␣ in the development of renal hypertrophy and hyperfunction, two main alterations during the initial stage of diabetic nephropathy. 88, 89 TNF-␣ has a stimulatory effect on sodium-dependent solute uptake in cultured mouse proximal tubular cells, 90 and in those studies diabetic rats exhibited enhanced urinary TNF-␣ excretion, sodium retention, and renal hypertrophy, which were prevented by administration of the anti-TNF-␣ agent TNFR:Fc, a soluble TNF-␣ receptor fusion protein. 89, 90 In addition to these data on renal hypertrophy and hyperfunction, mRNA levels and urinary TNF-␣ concentrations in the renal cortex directly and independently correlate with urinary albumin excretion. 45, 87 More importantly, studies that used the microdialysis technique demonstrate a significant increase in levels of TNF-␣ in renal interstitial fluid and urine (without evidence of cellular infiltrates in cortex or medulla), which precedes the development of albuminuria, suggesting a direct correlation between urine and renal interstitial fluid concentrations of TNF-␣ and urinary albumin excretion. Furthermore, shortly after the rise in albuminuria, urinary TNF-␣ concentration increases significantly, indicating a stimulatory effect for albuminuria on the production of renal TNF-␣. 91 Finally, important data about the potential implications of TNF-␣ in diabetic nephropathy also derive from clinical investigations. Studies by our group and others found that diabetic patients with nephropathy have higher serum and urinary concentrations of TNF-␣ than nondiabetic subjects or diabetic patients without renal involvement. These studies suggest a direct and independent association between the levels of this cytokine and clinical markers of glomerular and tubulointerstitial damage, with a significant rise in serum and urinary TNF-␣ as diabetic nephropathy progresses. 69, 92, 93 
GENETICS OF DIABETIC NEPHROPATHY AND INFLAMMATORY CYTOKINES
Only a modest number of individuals with diabetes will develop overt kidney disease (approximately one third to one half). 94 The rates of development and progression of diabetic nephropathy reveal important interindividual variation, even when corrected for potential confounding influences. In addition, there is consistent familial aggregation of kidney disease (albuminuria, creatinine clearance, and end-stage renal disease) with renal histological changes. 94 -96 Today, there is mounting evidence for the role of genetic factors in diabetic nephropathy. 94, [97] [98] [99] Hypertension, poor glycemic control, and albuminuria, the main known risk factors for diabetic nephropathy, do not explain all of the interindividual variability for the rates of developing nephropathy. Many studies have examined the variability of candidate genes in diverse pathogenic pathways for this complication, including the renin-angiotensin, nitric oxide, and bradykinin systems. There has been no consistent or replicated evidence for the contribution of a set of candidate genes or surrogate markers for diabetic nephropathy risk. 94 It is important to note that diverse factors, including small sample size, incomplete genetic dissection of the polymorphisms in the candidate gene, and extensive genetic and phenotypic heterogeneity, may contribute to explain the failure to identify risk genes. Although Ͼ99% of human genes are shared across same the population, variations in sequence may have great predictive relevance. Single nucleotide polymorphisms (SNPs) are sequence variations that occur when a single nucleotide in the genome is altered. SNPs, which make up approximately 90% of all human genetic variation, occur in every 100 to 300 bases along the 3 billion-base human genome. Approximately 300,000 SNPs are thought to have functional significance because they occur in coding regions, splice junctions, and promoter regions. Some of these SNPs have a major impact on the susceptibility to disease or on human response to disease or to a drug.
Cytokine genes influence nuclear transcription and cell function with several allelic polymorphisms having demonstrable effects in human disease. 100 Because inflammatory cytokines significantly modulate the pathogenesis of diabetic nephropathy, their genetic variability may affect the susceptibility to renal progression ( Figure 2) . 101 Genes encoding IL-1 and IL-1 receptor antagonist (IL-1Ra), a naturally occurring antiinflammatory agent, map to the long arm of chromosome 2. The IL-1␤ gene has two base exchange (C3 T) polymorphic sites at promoter Ϫ511 and exon 5ϩ3953, whereas IL-1Ra gene (IL-1RN) contains a variable number of 86 bp tandem repeat sequence in intron 2. There is a significant association between carriage of IL-1␤ allele 2 (Ϫ511 C/T polymorphism) and IL-1RN allele 2 (2 copies of the repeat sequence) with diabetic nephropathy. [102] [103] [104] Concerning IL-6, the gene encoding this cytokine is located at chromosome 7p21, whereas the gene encoding the IL-6 receptor (IL-6R) maps to chromosome 1q21, with diverse polymorphic regions at both genes. A C/G polymorphism at position Ϫ634 in the promoter region of the IL-6 gene is a potential genetic susceptibility factor for the progression of diabetic nephropathy. In that study, Kitamura et al. 105 found a significant positive association of the IL-6 Ϫ634 G/G homozygote with macroalbuminuria in type 2 diabetic patients from Japan. More recently, Wang et al. 106 identified a previously unreported amino acid change (V385I) that is associated with type 2 diabetes and diabetic nephropathy. This variant has been not previously seen in whites, Pima Indians, or Koreans. 106 -108 Finally, the TNF-␣ gene located on chromosome 6p is highly polymorphic. Most of the variants are SNPs, but there are also various dinucleotide repeats (GA). Polymorphism of the TNF-␣ gene at the Ϫ308 position is significantly related to an increased risk of kidney failure in patients with type 2 diabetes. 101 The rationale for studying cytokine gene polymorphisms in diabetic nephropathy is based on diverse aspects: It gives us a better understanding of the origin and pathogenesis of this complication; it improves our knowledge of interindividual variation in the development and progression of diabetic nephropathy; in a clinical setting, it may permit the identification those patients at high risk for susceptibility, severity, or poor clinical outcome; it helps us understand the interindividual responses to therapeutic strategies; and, it may identify new targets for drug development and, therefore, novel interventions to prevent or delay diabetic nephropathy. However, the cytokine network is highly complex, with multiple interactive signals of gene activation and suppression. Thus, the association of individual polymorphisms in cytokine genes may be noninformative, whereas specific combinations of cytokine genotypes may be much more relevant. 109 
THERAPEUTIC IMPLICATIONS OF INFLAMMATORY CYTOKINES
Despite the benefits derived from the current therapeutics for diabetic nephropathy, mainly strict control of glucose and BP as well as blockade of the renin-angiotensin system, these strategies still provide imperfect protection against renal progression. 110 This imperfection points to the need for newer therapeutic agents that have potential to affect primary mechanisms contributing to the pathogenesis of diabetic nephropathy. 111 Nephropathy occurs as a result of an interaction between metabolic and hemodynamic factors, which activate diverse pathways that lead to renal damage. Growing evidence highlights the importance of inflammatory mechanisms in the development and progression of diabetic nephropathy. Therefore, investigation into antiinflammatory strategies may offer new approaches of further effect. In fact, blockade of the renin-angiotensin-aldosterone system, the current principal strategy in the treatment of diabetic nephropathy, provides pleiotropic, antiinflammatory actions potentially relevant in the therapeutic approach to this complication. [112] [113] [114] [115] Other new therapies against inflammatory molecules and pathways germane to diabetic nephropathy therapies may be on the horizon. 116, 117 In a recent study, Utimura et al. 118 demonstrated that mycophenolate mofetil, an immunosuppressive antiinflammatory drug, largely prevented the development of albuminuria and glomerular injury in experimental diabetic nephropathy. The beneficial effect of mycophenolate mofetil was not related to any effect on glomerular hemodynamics or improvement of metabolic control, and, therefore, the authors conclude that benefit probably resulted directly from its immunosuppressive and antiinflammatory properties.
Inhibition of inflammatory cytokines as therapy for diabetic nephropathy, also derive from studies on the modulation of TNF-␣. Moriwaki et al. 119 recently reported the effect of the chimeric anti-TNF-␣ antibody, infliximab, on diabetic nephropathy. In that study, diabetic rats treated with infliximab showed a reduction of albuminuria as well as decreased urinary excretion of TNF-␣. Previous studies with pentoxifylline (PTF) also suggest that inhibition of TNF-␣ may be therapeutic in the treatment of diabetic nephropathy. 120, 121 PTF is a methylxanthine-derived phosphodiesterase inhibitor that possesses significant antiinflammatory properties. The drug inhibits transcription of the TNF-␣ gene and reduces lev-els of mRNA encoding TNF-␣. 120, 121 In addition, PTF shows a significant effect in modulating IFN-␥, IL-1␤, and IL-6. [122] [123] [124] In different models of renal disease where TNF-␣ plays a central role, such as lupus nephritis and crescentic glomerulonephritis, PTF prevents or attenuates renal injury. 125, 126 Regarding diabetic nephropathy, recent experimental studies show that administration of PTF prevents an increase in renal expression, synthesis, and excretion of TNF-␣ during diabetes, which was directly and significantly associated with a reduction in renal sodium retention, renal hypertrophy, and urinary albumin excretion. 45, 89 In addition to these experimental results, clinical trials have demonstrated that PTF significantly reduces clinical markers of glomerular and tubulointerstitial injury in diabetic subjects. [127] [128] [129] [130] Electrophoretic analysis of urinary protein after PTF administration show this drug is able to reduce the urinary excretion of both high molecular (Ig G, ceruloplasmin, transferring, and albumin) and low molecular weight proteins (␣1-antitrypsin, ␣1-acid glycoprotein, collagenase inhibitor, ␣1-microglobulin, trypsin inhibitor, lysozyme, and ␤2-microglobulin). 130 This antiproteinuric effect of PTF has been recently analyzed in comparison with angiotensin-converting enzyme inhibition in type 2 diabetic patients, and the results of these studies indicate that PTF is equivalent in efficacy and safety to captopril. 131, 132 Finally, addition of PTF to blockers of the renin-angiotensin system, both angiotensin-converting enzyme inhibitors or angiotensin II type 1 receptor blockers, provides an additive and significant reduction of urinary albumin excretion. 133, 134 This beneficial effect on albuminuria is independent from BP and glycemic control. However, it is significant and directly related to a reduction in urinary excretion of TNF-␣. 134 
CONCLUSIONS
Providing diabetic patients protection from the development and progression of renal injury remains a challenge for nephrologists. Because of the pathogenic complexity of diabetic nephropathy, new therapeutic interventions targeting primary mechanisms contributing to renal damage are critical for the future treatment of this complication. Inflammatory cytokines exert an important diversity of actions implicated in diabetic nephropathy, from development to the initial stages of diabetes to progression and to late stages of renal failure. The recognition of these molecules as significant pathogenic factors in this complication will provide new therapeutic targets. The development of new techniques for examining changes in the expression of pathogenic genes involved in inflammatory pathways as well as better ability to assess interindividual genetic variability will undoubtedly uncover important information regarding the pathogenic mechanisms of diabetic nephropathy. Likewise, this effort will also facilitate the identification of high-risk patients and perhaps lead to novel and unexpected therapies. From a therapeutic perspective, limited experience is available regarding the inhibition of inflammatory cytokines in diabetic nephropathy. To date, studies have focused on the effect of PTF on urinary albumin excretion, showing a beneficial antiproteinuric effect of this drug. However, further clinical trials are necessary to examine the potential renoprotective efficacy of PTF and other antiinflammatory cytokines in establishing remission or even regression of diabetic nephropathy.
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